Abstract. Liposomes, phospholipid vesicles with a bilayered membrane structure, have been widely used as pharmaceutical carriers for drugs and genes, in particular for treatment of cancer. To enhance the efficacy of the liposomal drugs, drug-loaded liposomes are targeted to the tumors by means of passive (enhanced permeability and retention mediated) targeting, based on the longevity of liposomes in blood and its accumulation in pathological sites with compromised vasculature, and active targeting, based on the attachment of specific ligands to the liposomal surface to bind certain antigens on the target cells. Antibody-targeted liposomes loaded with anticancer drugs demonstrate high potential for clinical applications. This review highlights evolution of liposomes for both passive and active targeting and challenges in development of targeted liposomal therapeutics specifically antibody-targeted liposomes.
INTRODUCTION: DRUG TARGETING AND THE EVOLUTION OF LIPOSOMES
The majority of the drugs currently used for cancer treatment are broadly cytotoxic molecules. Upon administration, these drugs are generally distributed within the whole body and may result in substantial toxicity to normal tissues, thus limiting their clinical application. Drug targeting using site-specific pharmaceutical nanocarriers has been extensively studied and can provide the following advantages: altered drug distribution dynamics, increased drug concentration in the required sites without negative effects on nontarget compartments, simplification of drug administration protocols, reduction in the quantity of drug required to achieve a therapeutic effect, and reduction in the cost of therapy (1) .
The most common and well-investigated nanocarriers are liposomes, which are artificial phospholipid vesicles with sizes of approximately 50-1,000 nm that can be loaded with a variety of drugs (2) . For drug delivery purposes, liposomes have several advantageous properties such as biocompatibility, biodegradability, low toxicity, a capacity to modify the pharmacokinetic profile of the loaded drug, all of which can help in the delivery of a drug preferentially to a desired target tissue. Although, liposomes have attracted extensive attention during the past 30 years as pharmaceutical carriers, still, the currently available marketed liposomal formulations are not capable of selective targeting of cancer cells at a molecular level (3) .
The first generation of liposomes underwent rapid clearance by the reticuloendothelial system (RES). The progressive optimization lead to more stable and longercirculating liposomes with an increased accumulation at desired target sites via the enhanced permeability and retention (EPR) effect (4, 5) . The EPR effect involves the phenomenon of enhanced extravasation of macromolecules from tumor blood vessels, and their retention in tumor tissues, infarcts, and inflamed regions compared to normal tissues. The incorporation of polyethyleneglycol-lipid conjugates (e.g., methoxy polyethylene glycol (mPEG)-distearoylphosphatidylethanolamine (DSPE)) within the bilayer membrane results in prolonged blood circulation half-life of the liposomes and thus promotes liposome accumulation at sites with a leaky vasculature by the EPR effect (6) . The next generation of liposomes offered direct molecular targeting by the attachment of site-specific ligands to the liposomal surface (7) . Although this strategy increases intracellular drug levels in target areas following the receptor-mediated endocytosis, the endocytosed material is subjected to the acidic lysosomal compartment and hydrolysis by various enzymes, resulting in reduced biological activity. This problem is particularly critical for drugs that are sensitive to such degradation, for example, nucleic acid and peptidic drugs (8) . For such molecules, methods enabling the release of the entrapped cargo into the cytosol are advantageous. Later development of liposomal formulations involved attempts to combine longcirculation properties and targetability in single liposomal formulation (9, 10) . However, sometimes inability of the polyethylene glycol (PEG)ylated liposomes to readily release the drug and kill tumor cells upon target cell accumulation may be unfavorable for drug delivery purpose. To solve this problem, the chemistry has been developed to promote the detachment of PEG from the lipid anchor under conditions characteristic of therapeutic target (11, 12) .
Most recently, the concept of "stimuli-sensitive" nanocarriers has developed within the field of drug delivery. Such a stimulus-sensitive nanocarrier bearing site-specific targeting ligands are expected to release their contents in targeted tissues or cell compartments and greatly increase the drug's efficacy when exposed to a certain internal or external stimulus such as low pH (13) , elevated temperature (14, 15) , a magnetic field (16, 17) , or altered redox potential (18) . Going one step further, we introduced the concept of "smart multifunctional" nanocarriers bearing various functionalities (such as a protective PEG coat, targeting ligands and a cellpenetrating function). These nanocarriers are designed so that particular functions can be shielded to prevent their exposure until, under particular local stimulus conditions, they are de-shielded in an orchestrated fashion.
Here, we focus on the evolution of liposomes for both passive and active targeting and the challenges in development of targeted liposomal therapeutics, specifically antibody-targeted liposomes.
PASSIVE TARGETING OF LIPOSOMES AND THE EPR EFFECT EPR Effect
Some characteristic features of tumors that allow large molecules and nanocarriers such as liposomes to accumulate by the EPR effect form the basis for passive targeting (6) . This has been proven in many tumors (19, 20) and in infarcted tissue areas (9) . The increased permeability of the blood vessels in tumors is typical of rapid and defective angiogenesis. After being accumulated in the tumors, nontargeted liposomes become localized within tumor-residing macrophages in the interstitium surrounding the tumor cells (21, 22) . The high interstitial pressure and large interstitial space compared with normal tissues result in the limited distribution of liposomes within the tumor interstitium (23) . Further, the liposomes are retained within the tumor area due to the absence of functioning lymphatics (22) . When loaded with drug, this result in a higher accumulation for liposomal drug than the free drug which also enters the tumor rapidly but is also cleared rapidly (24) . Although, the threshold vesicle size of ∼400 nm was reported for extravasation into tumors (25) , some studies have shown more effective extravasation with <200 nm particles (19, 26; Fig. 1 ).
Longevity of Liposomes and the Need for Surface Modification of Liposomes
In the 1980s, it was shown that the liposomal delivery could improve the therapeutic index of encapsulated antitumor drugs, such as doxorubicin (27) . The conventional doxorubicin liposomal formulations had an improved safety; however, it failed to demonstrate increased therapeutic activity against implanted tumors than the free drug (28) . This lack of improved antitumor activity was ascribed to instability of liposomes in blood due to binding of plasma proteins and the release of up to 50% of their contents (29) , rapid sequestration by macrophages in the liver and spleen (30) , and liposomal lipid membrane digestion by intracellular enzymes. Later, during the 1970s and 1980s, considerable efforts were made in designing liposomes that can stably circulate in the blood for longer periods of time. The longevity allows maintenance of a higher level of drug in the blood for an extended period of time and can provide better accumulation in pathological sites via the EPR effect (6) . Liposomes composed of high-phase transition lipids and cholesterol with small (<50 nm diameter) size were found to resist degradation in blood and to circulate for several hours in rodents (31) and in human cancer patients (32) . Thus, it was understood that passive targeting depends on both, the size of the nanocarrier and the physicochemical properties that influence the circulation time. However, the use of saturated phospholipids and cholesterol does not fully overcome their binding to serum components.
The first approach was to prepare liposomes simulating the erythrocyte membrane. Thus, liposomal surface was modified with gangliosides and sialic acid derivatives such as monosialoganglioside (GM 1 ; 33). The next approach was to "mask" the liposomal nanocarriers by surface modification with hydrophilic polymers with a well-solvated and flexible main chain, such as PEG (3, (34) (35) (36) (37) . PEG can be incorporated on the liposome surface by physical adsorption onto liposome surface or by covalent attachment onto the surface of preformed liposomes. The most widely used method is to anchor the polymer in the liposomal membrane via a cross-linked lipid (i.e., PEG-DSPE; 38). The molecular weight and structure of PEG can be easily controlled.
The mechanism of increasing longevity of liposomes in the circulation by steric stabilization has been extensively studied (39) (40) (41) (42) . PEG or GM 1 occupies the space immediately adjacent to the liposome surface and sterically hinders interactions of blood components with the liposomal surface and reduces the binding of plasma proteins (39, (42) (43) (44) (45) thus reducing their interactions with opsonins and capture by the RES (46) .
The ability of PEG to increase the circulation time of the liposomes depends on both the amount of grafted PEG and the length, or molecular weight of the polymer (38) . The greatest improvements in blood residence time were reported with longer-chain PEGs. The SM/PC/CHOL/DSPE-PEG liposomes with higher molecular weight PEG (i.e., PEG 1900 and PEG 5000) produced higher blood levels than for liposomes containing PEG-lipid with a shorter chain PEG (i.e., PEG 750 and PEG 120). The inclusion of PEG 2000 doubled the amount of lipid remaining in the plasma compared to formulations containing PEG 350-750 (38) . Various long-circulating liposomal formulations have been developed containing anticancer drugs, such as doxorubicin, arabinofuranosylcytosine, adriamycin, cisplatin, and vincristin (47) (48) (49) (50) (51) . Doxil® (PEGylated liposomal doxorubicin) has an increased circulation time compared to free doxorubicin and is up to six times more effective than free doxorubicin (52, 53) . Additional attempts have been made to prepare longcirculating liposomes using poly[N-(2-hydroxypropyl)methacrylamide] (54), poly-N-vinylpyrrolidones (55), L-amino acid-based biodegradable polymer-lipid conjugates (56) and polyvinyl alcohol (57) . However, PEGylated liposomes can still induce activation of complement systems and thus are not completely biologically inert (58) .
However, sometimes, PEGylated liposomes after accumulation in the target area, such as tumor, are unable to easily release the drug and kill tumor cells. Similarly, after cellular delivery via endocytic pathway, the presence of the PEG coat on its surface can further prevent endosomal escape and delivery of the contents into the cytoplasm (59) (60) (61) . Thus, to solve this problem, the chemistry was developed to promote the detachment of PEG from the lipid anchor under particular locally existing conditions (11, 12, 62) . For example, linkages that would degrade only in the acidic environment characteristic of the endocytic vesicles or acidic tumor mass are based on the diortho esters (63, 64) , hydrazones (65) , vinyl ethers (62, 66) , cysteine-cleavable lipopolymers (67) . These linkages are stable at pH around 7.5 but are relatively fast hydrolysed at pH values of 6 and below. Upon the detachment of PEG coating, membrane destabilization should occur, delivering the liposomal contents to target.
Choice of Drug and Lipid Composition
Simply long circulation is of no importance if the drug is rapidly released from the formulation before reaching the tumor site. Thus, the choice of drug and lipid composition is very important to exploit the benefit of the EPR effect. Liposomes can be loaded with a variety drugs depending on their hydrophobic properties (68) . Highly hydrophilic drugs may suffer from limited bioavailability at the tumor site due to their extremely low membrane permeability and thus eventually low drug release at the tumor site. Highly hydrophobic drugs tend to associate mainly with the liposomal membrane and show faster redistribution of the drug to plasma components and thus lower entrapment stability. Until now, amphipathic drugs (anthracyclines and Vinca alkaloids) appear to be the most suitable for liposomal carriers due to possibility to tune the drug-release rates to maintain the stability of the formulation in the plasma, and to promote the drug release at the tumor site.
The choice of lipid composition is also crucial for maintaining stability of liposomes while in the circulation. The correct choice of lipids can reduce the binding of serum proteins (69) or stabilize the drug formulation to reduce the rate of drug leakage. The presence of cholesterol in liposomes is responsible for maintenance of membrane bilayer stability and long circulation times in vivo (70, 71) . For drug-loaded liposomes, cholesterol is necessary for maintenance of the drug in the liposomal interior. Liposomes composed of highphase transition lipids formed more stable formulations, with better retention of entrapped drug and showed an apparent increase in drug circulation lifetimes. Liposome-coated polymers such as PEG have been shown to be less dependent with respect to clearance on size, membrane fluidity, and surface charge density (72) . The liposomes of similar composition have shown more rapid RES uptake with increase in size (73) . It was shown that in the case of DSPC/Chol (3:2) liposomes extruded through 400-nm filters the clearance was 7.5 times as fast as liposomes extruded through 200-nm filters, which in turn were cleared five times as fast as small unilamellar vesicles (74, 75) . The addition of PEG-DSPE into the liposome composition resulted in clearance rates that were relatively insensitive to size in the range of 80-250 nm (37, 75) . The effect of surface charge on liposome clearance was shown using eggPC/cholesterol liposomes with anionic lipids added in a 1:10:5 ratio (anionic lipid/eggPC/cholesterol) (76) . It was found that liposomes containing phosphatidylglycerol (PG), phosphatidic acid (PA), and phosphatidylserine (PS; PS>PA>PG) were cleared more rapidly than neutral liposomes. Addition of ganglioside GM 1 or phosphatidylinositol resulted in longer circulation. In addition, liposomes were also prepared using PEG-PE (36, 37) . It was found that sterically stabilized liposomes with hidden charge were cleared more slowly. Liposomes without PEG-PE were cleared more rapidly than neutral liposomes of similar composition. With respect to liposome composition, it was shown that liposomes containing unsaturated lipids, such as eggPC, are cleared more rapidly than those containing highphase transition phospholipids (DSPC/cholesterol). However, upon inclusion of PEG-DSPE, liposomes with either some charge or low-phase transition lipids were found in plasma after 24 h similar to those with neutral high-phase transition lipids. Thus, steric stabilization makes the rate of clearance relatively independent of the lipid composition for empty liposomes (37, 39) .
Limitations of Passive Targeting
Although passive targeting has been the most preferred approach for clinical therapy, it suffers from several limitations. The porosity and pore size of tumor vessels varies with the type and status of tumors (19, 77) . Thus, a passive targeting effect may not be achievable in all tumors. Some drugs cannot diffuse efficiently throughout the tumor and homogeneous targeting of tumor cells within a tumor is not always feasible. In most solid tumors, the elevated interstitial fluid pressure (78) can also inhibit the homogeneous distribution of nanocarriers within the tumor tissues (79) . This may induce multiple-drug resistance (80) .
ACTIVE TARGETING OF LIPOSOMES
Ultimately, "active targeting" via modification of liposomal surface with a targeting ligand is envisioned, and when optimized can result in increased accumulation at the target site or intracellular delivery to target cells. Certain ligands, upon binding, can release the liposomal contents intracellularly by induction of receptor-mediated endocytosis (72) . This effect can reduce the diffusion of the drug from the tumor, thus increasing overall efficacy. In certain cases, liposomes targeted to internalizing receptors may be able to at least partially overcome drug resistance (53) .
Selection of a Target Antigen
The targeted antigen is usually carefully selected based on its selective or overexpression on the tumor tissue or on the angiogenic blood vessels supporting the tumor. A number of targeting ligands have been studied for development of targeted liposomal formulations. These include proteins (antibodies or antibody fragments), nucleic acids (aptamers), and other receptor ligands (peptides, carbohydrates, and vitamins). There are several considerations for selecting target antigen such as relative degree of overexpression or selective expression on the target (81, 82) , the ability to internalize the ligand-targeted formulation (83) , and the degree of shedding of the target antigen (84) .
For example, high levels of antigen expression on nontarget cells will result in nonspecific toxicity. Sometimes, the relative degree of overexpression also plays an important role. In the case of HER2-targeted immunoliposomes, the receptor-mediated endocytosis and toxicity was observed with SKBR-3 or BT-474 breast cancer cells, which have more than million HER2/neu growth factor receptors/cell density than for MCF-7 cells with~10,000 receptors/cell (81) . Thus, this receptor density threshold also protects healthy tissues which show low level of HER2/neu receptors expression. Similar receptor density-dependent targeting effect was also observed for CD19-targeted liposomes (85) .
For the liposome-encapsulated drugs, liposome internalization into target cells compared to mere surface cell binding is important. It was shown that in the case of HER2-targeted doxorubicin-loaded liposomes, significant antitumor efficacy was observed when internalizing ligand was used (86) as opposed to targeting to HER2/neu that did not result in internalization when compared to nontargeted liposomes (87) . The degree of shedding of the target antigen is also as important factor. Many cancer cells are known to shed their membrane antigens in conditions of high tumor load. Thus, in conditions with high degree of shedding, the liposomes could be cleared faster due to the binding with the solubilized antigen (84).
Development of Targeted Liposomes: Derivatization of PEGylated Liposomes
The particular characteristics of long-circulating liposomes mentioned earlier also apply to the development of targeted liposomal formulations. These include the choice of lipid components, surface-modification for long circulation, stability while in the circulation, and efficient drug delivery at the target site. Ligand-targeted liposomal formulations must stably encapsulate the drug till it reaches the desired target (such as tumor) in order to exploit the benefits provided by increased tumor accumulation or tumor cell internalization. Premature drug release will lead to an apparent increase in the rate of clearance of the liposomal drug from the circulation.
Initially, immunoglobulins of the IgG class and their fragments were attached by covalent binding to the liposome surface or by hydrophobic inclusion into the liposomal membrane (88) . However, the majority of resultant immunoliposomes are accumulated in the liver. It was later shown that by combining long-circulating properties with targetability, certain drawbacks of immunoliposomes could be overcome (7, 9, 10) . Conjugation of antibody fragments that lacked the Fc portion to the free PEG termini in liposomes could result in liposomal circulation times identical to PEGylated non-immunoliposomes (89) .
Earlier, targeting ligands were attached to liposomes in three different ways: In the first case, ligands are conjugated directly on the phospholipid head groups of non-PEGylated liposomes (type A liposomes); in the second case, ligands are conjugated directly on the phospholipid head groups of PEGylated liposomes (type B liposomes); and in the third case, ligands are conjugated on the free terminus of PEGylated chains (type C liposomes, Fig. 2; 90) . Type A liposomes bound specifically to target cells but exhibited rapid blood clearance. Type B liposomes circulated longer but exhibited reduced targeting due to steric hindrance of the targeting ligand by the neighboring polymer chains. Type C liposomes were engineered to have minimal shielding of the ligand by the neighboring grafted PEG chains. However, in vivo, their circulation time was inversely proportional to their conjugated ligand-grafting density. For folate-targeted liposomes, it was shown that a PEG linker sufficient to distance the low molecular weight folate ligand from the liposome surface allowed receptor binding (91) . Similarly for antiHER2 antibody fragments (Fab′) targeted liposomes, it was shown that Fab′ conjugated to the distal end of PEG demonstrated better binding and internalization than when conjugated directly to the membrane surface (81) . Similar results were obtained by others (92, 93) . Thus, to minimize the steric hindrances for ligand binding to the target, it is advantageous to attach the targeting ligand via a PEG spacer arm, so that the ligand is extended beyond the PEG coating. Various targeting moieties such as monoclonal antibodies (mAb) or fragments, peptides, growth factors, glycoproteins, carbohydrates, and receptor ligands have been attached to the activated water-exposed ends of liposome-grafted polymeric chains (94) (95) (96) .
A lipophilic moiety inserted within the lipid portion of the bilayer is used typically to anchor the ligand. The linkage between the anchor and the ligand should be stable, nonimmunogenic, and should not affect the reactivity of the ligand or the stability of the liposomal drug.
The PEG-lipid conjugates used for surface coating of liposomes are derived from mPEG, which has nonreactive methoxy terminal groups. To attach a targeting moiety to long-circulating liposome, various attempts have been made to functionalize PEG tips in PEG-lipid conjugates. Several types of lipopolymers of the general formula X-PEG-PE, where X represents a reactive functional group-containing moiety are now commercially available that can be used to for the conjugation (Table I) .
The heterobifunctional PEG derivatives containing hydroxyl and carboxyl or amino groups were used to synthesize most of the end-group functionalized PEG-lipids. Usually, the hydroxyl end-group of PEG was derivatized to form a urethane attachment with the hydrophobic lipid anchor, PE, while the amino or carboxyl groups were utilized for further functionalization. More recently, a simple one-step procedure was introduced to attach a large variety of amino groupcontaining ligands to the distal end of the liposome-attached polymeric chains, via liposome-incorporated amphiphilic PEG derivative, p-nitrophenylcarbonyl-PEG-PE (pNP-PEG-PE) (97, 98) . The water-exposed pNP group is available for binding with any amino group-containing compound forming a stable and nontoxic urethane (carbamate) bond (Fig. 3) .
Other methods used for the coupling of ligands to the distal tips of PEG chains include PEG activation with a hydrazine group (in case of antibody attachment, hydrazine reacts with the oxidized carbohydrate groups in the oligosaccharide moiety of the antibody); pyridyldithiopropionate (PDP) group (after conversion of the PDP into the thiol, it reacts with maleimide groups of the premodified ligand); or maleimide group (reacts with thiol groups in prethiolated ligand). The ligand (antibody) binding to Sometimes, the conjugation with a lipid anchor can result in decreased cell binding due to loss of activity due to reactivity with critical binding site residues or due to improper orientation of the ligand after conjugation. Use of naturally occurring reactive residues located distal to the antigen binding site such as the carbohydrate residue of IgG molecules (100) or reduced cysteines located in the hinge region of antibodies (81) will allow for correct orientation for targeting with minimal interference with the receptor binding site. Also, the coupling conditions must be optimized to prevent denaturation of the protein.
Three general protocols have been used to prepare ligand-bearing PEGylated liposomes. In the first protocol, the end-group functionalized PEG-lipids (Table I) are incorporated into the liposomes and then conjugated to specific ligands (generally used for macromolecular ligands, such as immunoglobulins). However, it is possible that some of the reactive end-groups on the surface can lead to crosslinking through multiple attachments to a single protein molecule. On the other hand, some unreacted reactive groups on the inner surface of liposomes can undergo some side reactions with drug molecules or other lipid components. Thus, sometimes the quenching of the unreacted end group is required (81) .
In the second protocol, the ligand-PEG-PE conjugate is synthesized first and then mixed with other liposome-forming components. However, with this approach, it is possible that few conjugates are not available for interaction with target due to the inward facing towards the aqueous compartment of liposomes (81) .
The third protocol, which is named the "postinsertion technique", (101) involves co-incubation of ligand-PEG-PE conjugates with preformed plain or PEGylated liposomes (81) . The advantage of this approach is that all the ligand moieties are positioned on the outer surface of the liposomes. High-insertion efficiencies (>80%) are obtained when coincubation conditions (temperature and duration) are optimized. If insertion is performed at elevated temperatures (55-60°C) to incorporate high-phase transition lipids, protein ligand denaturation can take place. Similar insertion efficiencies can be attained if incubation is performed at 37°C overnight. In particular, this "postinsertion technique" was used to prepare immuno-Doxil by modifying it with p-nitrophenylcarbonyl-PEG-PE (pNP)-PEG-PE-modified anticancer 2C5 monoclonal antibody (97) .
Antibody-Targeted Liposomes as an Example
Antibodies (mainly of the IgG class) are the most extensively studied ligands for experimental targeted chemotherapy of various tumors with drug-loaded liposomes (1, 102, 103) . Antibodies can be attached to surface of PEGylated liposomes using chemistries and techniques mentioned earlier. The most widely used approach is the reaction of the thiol groups on an antibody with maleimide-containing phospholipid molecules (104) . Various high-and low-molecular weight compounds have been attached to liposomes by using pyridyldithiopropionyl-PE or maleimide reagents (99) . Free thiol groups located on immunoglobulin Fab fragments are also used for attachment, since these SH groups are positioned far from the antigen-binding sites. It is also important to note that in the case of PEGylated long-circulating liposomes, the surface should not be overmodified with antibodies so as to compromise the liposome longevity too much (105) .
Initially, with active targeting, it was assumed that increased amounts of drug-loaded liposomes would enter in the desired target site compared to nontargeted liposomes. Recent studies with targeted liposomes have provided mixed results. Some studies suggested the role of antibody in enhancing accumulation of liposomes in tumors (106) while others contradicted these results (89, (107) (108) (109) . Also, antibody-targeted liposomes have not always resulted in increased therapeutic efficacy of the drug (110) (111) (112) . Possible reasons include increased clearance of targeted liposomes, lack of internalization, increased drug release, poor stability while in circulation, and reduced cancer cell penetration due to the binding site barrier effect or receptor downregulation. Thus, both a careful selection of the target receptor and proper engineering of the targeted liposomal construct are important. We have shown that a nucleosome-specific monoclonal antibody (mAb 2C5) capable of recognition of various tumor cells via the tumor cell's surface-bound nucleosomes significantly improved Doxil® targeting to tumor cells and increased its cytotoxicity (113) both in vitro and in vivo in different test systems including an intracranial human brain U-87 tumor xenograft in nude mice (114) . Whole body gamma-scintigraphic imaging of these immunoliposomes showed two to three times more accumulation in the tumor than nonspecific IgG-conjugated or plain liposomes in a murine carcinoma model (106) . Effective targeting of HER2-overexpressing tumors with anti-HER2 long-circulating liposomes has been observed (115, 116) . PEGylated liposomes modified with antibody CC52 against rat colon adenocarcinoma CC531 provided specific accumulation of liposomes in a metastatic model (117) .
Elevated levels of epidermal growth factor receptor (EGFR) are found on several types of solid tumors and consequently, strategies for targeting EGFR have been designed. In order to avoid Fc-mediated uptake of immunoliposomes both Fab′ and recombinant formats (e.g., scFv) 1 have been employed for the preparation of anti-EGFR immunoliposomes (89, 118) . Selective binding and internalization into EGFR-overexpressing tumor cells as well as selective cytotoxicity of drug-loaded anti-EGFR immunoliposomes was demonstrated. Superiority of immunoliposomal delivery of various drugs, e.g., doxorubicin, epirubicin, and vinorelbine, over free drug, and nontargeted liposomal formulations was confirmed in xenograft tumor models (89) .
However, a number of studies found that the targeting ligands did not improve the tumor accumulation of liposomes (89, (107) (108) (109) 119) . Recently Kirpotin et al. (107) provided experimental evidence for the mechanisms underlying increased antitumor efficacy by anti-HER2 immunoliposomes and concluded that it does not involve enhanced accumulation of anti-HER2 immunoliposomes in tumor tissue due to antigen binding. Both targeted and nontargeted liposomes achieved similarly high levels (7-8% of injected dose/g) of tumor tissue accumulation in HER2-overexpressing breast cancer xenografts (BT-474). Using colloidal gold-labeled liposomes they showed the anti-HER2 immunoliposomes accumulated within tumor cells, whereas nontargeted liposomes were predominantly located in the extracellular matrix. The authors concluded that the rate-limiting step for their tumor localization is extravasation from the tumor vasculature and that mAb-antigen interactions do not necessarily facilitate this process. Alternatively, designed anti-HER2 immunoliposomes also failed to demonstrate increased tumor accumulation when compared with nontargeted sterically stabilized liposomes (87) . There was no therapeutic gain with antibody-modified liposomes reported in these studies possibly because of insufficient immunoliposome internalization. Some studies have also suggested that cell surface binding by itself may serve to limit the distribution of liposomes within the tumor (110) . It was speculated that this binding site barrier effect could be avoided if antibody fragments with reduced avidity for their cell surface targets are used allowing a deeper penetration of the carrier within the tumor. This effect could be attributed to both the reduced size and reduced avidity of the antibody fragments to its target (120) .
In general, liposomes targeted to internalizing receptors have shown greater cancer cell cytotoxicity both in vitro and in (85) vivo (82, 121, 122) . This may be due to degradation of liposome in lysosomes and release of drug (123) . The degradation rate was dependent on type of lipid (i.e., the phase transition temperature of lipid) but could also vary depending on cell type (85, 124, 125) . Internalization of liposomes can also increase the efficacy by reducing the diffusion of drug away from cancer cells (126) .
With this in mind, one can imagine that the targeting ligand's affinity and surface density on the nanoparticle will determine cellular uptake. Recently, Zhou et al. clearly demonstrated that high-density, low-affinity antibody fragments can provide uptake into cancer cells that is not increased by greater affinity and thus proved the importance of multivalency of the targeted nanoparticles (127) .
In some other cases, however, liposome internalization seems not to be important. The PEGylated liposomes loaded with vincristine or doxorubicin and modified with antibodies against internalizing CD19 antigen or non-internalizing CD20 antigen demonstrated therapeutic effects which depend more on the type of drug used than on its ability to be internalized. Thus, in this case, the cytotoxicity of targeted liposomes depended on the rate of drug release from the liposomes (128, 129) .
Hosokawa et al. demonstrated that nontargeted doxorubicin-loaded liposomes were toxic to various cancer cells to the extent reflecting cell sensitivity to the drug. In the case of antibody-targeted liposomes, the cytotoxicity was proportional to the surface density of the targeted antigen (130) and the critical antigen surface concentration was about 4×10
4 sites per single cell. Similar observations were made by others (85, 86) .
One should expect certain changes in the pharmacokinetics and biodistribution of plain and long-circulating liposomes after their modification with antibodies. Although some early studies did not reveal big differences in biodistribution between antibody-free and antibody-modified liposomes (131) , in general, antibody modification can increase the liposome clearenace because of increased uptake of the modified liposomes via Fc receptors of circulating, or liver macrophages or opsonization of the liposome-tagged antibody molecules (132, 133) . Whole antibodies can also trigger complement-mediated cytotoxicity and antibody-dependent cellular cytotoxicity (96) . The use of antibody Fab fragments can minimize these effects (134) . It is worth noting that in case of antibody-modified PEGylated liposomes, even after slight decrease in the circulation time, these liposomes still show sufficiently long circulation for good target accumulation.
The addition of surface-attached antibody to a liposomal preparation will certainly result in the cost increase of the final product because of the high cost of antibodies and additional preparation steps.
Other Targeted Liposomes
Other targeting ligands have also shown promising results when attached to long-circulating liposomes. Transferrin (Tf) receptor (TfR) is over-expressed on the surface of many tumor cells and antibodies against TfR as well as Tf itself have been used both for targeting liposomes to tumors and within tumor cells (135) (136) (137) . The utility of Tf-coupled PEG liposomes for the intracellular targeting of liposomes to tumor cells via receptor-mediated endocytosis is already proven (138) . The importance of size of the Tf-stealth liposomes for tissue targeting has been demonstrated by Hatakeyama et al. They found that small size, less than 80 nm, is an important factor for the tissue targeting of Tf-stealth liposomes based on receptor-mediated endocytosis, especially in the liver and brain (136) . The heart is able to take up both • Increased uptake by MT1-MMP-over-expressing HT1080 fibrosarcoma cells in vitro and more effective tumor growth inhibition in vivo (149) Fig. 4 . Schematic structure of a multifunctional "smart" liposome with temporarily "hidden" function, for example CPP, and "shielding" polymeric coat with or without targeting antibody attached to it. Polymeric chains are attached to the carrier surface via low pH-degradable bonds. After the accumulation in the tumor due to PEG (longevity) and/or antibody (specific targeting), pH-dependent de-shielding of the temporarily hidden cell-penetrating function allows for carrier penetration inside tumor cells (a); interaction of "smart" TAT peptide-modified liposomes. Rhodamine-labeled TAT liposomes are effectively taken up by cells. The attachment of PEG-chains to the liposome surface (18% mol) sterically shields the TAT function and TAT-mediated liposome uptake is almost completely blocked. If, however, PEG is attached to the liposome surface via pHsensitive bonds, a brief incubation at lowered pH results in the elimination of long PEGchains from the liposome surface, de-shielding TAT function and TAT-mediated uptake of the liposomes by cells (b). Modified from (144) small and relatively large liposomes in a Tf-dependent manner. These results suggest that Tf can serve as a ligand for the active targeting of stealth liposomes in vivo and that regulation of size can be used to confer tissue selectivity of Tfstealth liposomes. Since folate receptor (FR) is frequently over-expressed in many tumor cells (139) , folate-modified liposomes are another well-investigated nanocarrier. FR-targeted liposomes potentially enhanced tumor cell uptake and antitumor efficacy of encapsulated drugs (140, 141) . Some examples of targeted PEGylated liposomes are given in Table II .
"SMART" LIPOSOMES
The ideal smart nanocarrier should first specifically accumulate in the required organ or tissue, and then deliver its load into target cells. Specific target (tumor, infarct) accumulation could be achieved by the passive targeting via the EPR effect (4, 5) or by antibody-mediated active targeting (1), while the intracellular delivery could be mediated by certain internalizable ligands (folate, transferrin) or by cellpenetrating peptides (CPPs; 142).
Keeping this in mind, it is necessary to build drug delivery system (DDS) carrying simultaneously on their surface various functional moieties. Moreover, these DDS should possess the ability to "switch on" certain functions under the action of a local stimuli characteristic of a targeted pathological zone such as an increased temperature or the lowered pH characteristic of an inflamed, ischemic, or neoplastic tissue. These "smart" DDS should be engineered in such a way that while in circulation the nonspecific cell-penetrating function is shielded by sterically protecting polymer or antibody and should be able to circulate for long time. Upon accumulation the target, the protecting polymer or antibody attached to the surface of the DDS via the stimulus-sensitive bond should detach under local pathological conditions and expose the previously hidden second function to allow the subsequent delivery of the carrier and its cargo inside cells (Fig. 4a) . This type of shielding is especially important for CPP-bearing nanocarriers since it is well known that all CPPs are highly nonselective and could interact with nontarget organs.
We have recently prepared targeted long-circulating PEGylated liposomes possessing several functionalities (65, 143) . The target recognition was provided by attachment of a monoclonal antibody (infarct-specific antimyosin antibody 2G4 or cancer-specific antinucleosome antibody 2C5) to their surface and intracellular penetration via TATp moieties attached to the liposomal surface via a shorter PEG spacer. The PEG-PE used for liposome surface modification was made degradable by inserting a pH-sensitive hydrazone bond between PEG and PE (PEG-Hz-PE). At normal physiological pH values, TATp on the surface of liposomes was "shielded" by the longer, protecting PEG-chains (pH-sensitivePEG2000-PE or PEG5000-PE) or by the long pNP-PEG-PE moieties used to attach antibodies to the nanocarrier (non-pH-degradable PEG3400-PE or PEG5000-PE). These liposomes demonstrated a high specific binding with antibody substrates at pH 7.5-8.0. However, upon brief incubation at lower pH values (pH 5.0-6.0), TATp function was exposed for subsequent internalization of liposomes due to the removal of protective PEG shell by acidic hydrolysis of PEG-Hz-PE (Fig. 4b) .
CONCLUSIONS
Liposomes have certainly come a long way as pharmaceutical carriers of a choice for drug and gene delivery. In general, the properties of drug-loaded liposomes must be determined experimentally to ensure development of stable (i.e., the retention of drug in liposomes till accumulation at target site) liposomal systems and ability to circulate in blood for longer period of time. Current research focuses either on actively targeted liposomes or on use of stimuli-sensitive liposomes. Such a delivery system should clearly show benefit of fast and effective accumulation in target tumors, higher drug delivery in tumors than other drug delivery systems and ability to internalize by the target cells thus creating high intracellular drug concentration. In development of ligand-targeted liposomal therapeutics, the following considerations should be taken into account. The target antigen should be selectively expressed or overexpressed on the target tumor cells in sufficient quantity so as to ensure firm binding of liposomes with cancer cells. Overmodification of ligand (while attachment to liposomal surface) should be avoided and it should provide unhindered interaction with target cells. In the case of PEGylated long-circulating antibody-modified liposomes, the quantity of attached antibodies should not compromise the longevity too much. It is also desirable to use internalizable ligands to facilitate delivery of liposomal drug inside cells followed by release of drug to achieve the desired therapeutic effect for a reasonable period of time.
